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ABSTRACT 
 
This senior project discusses the design, fabrication and marketability of a rollover 
protection system specifically designed for early body style Ford Broncos (1966-1977). 
The rollover protection system, or roll cage, is an integral safety feature on vehicles 
which commonly encounter extreme terrain conditions. Many vehicles which attempt to 
traverse terrain such as this are not always properly equipped with a rollover protection 
system. This is the case with the early body style Ford Bronco. This system will be 
designed to market the niche of early bronco parts. 
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INTRODUCTION 
 
 
Recreational off roading has become a very popular hobby since vehicles were first 
modified to better tackle the environments where this hobby takes place. In the 
beginning, safety was not much of a concern as most vehicles of the 1960’s did not even 
have seatbelts and those that did only were equipped with a lap belt. Safety became a 
focus for automobile companies more so in the next decade with the implementation of 
three point seat belts. This ideology spread into the offroading community and rollover 
protection became a must for most vehicles. A rollover protection system, or a roll cage, 
is a tubular structure made most commonly out of mechanical steel tubing. The purpose 
of this cage is to protect the occupants of the vehicle in the case of a rollover situation. 
With that said, a well-designed cage which employs the correct material and layout is 
imperative for the cage to be completely safe. A poorly designed cage can sometimes be 
more dangerous than the absence of a cage.  
 
The design of the roll cage must employ the basic principles of structural strength. 
Traditional roll cages employ only a B pillar bar which forms a hoop behind the driver 
and passenger seat. This hoop is supported by two bracing tubes which are welded to the 
main B pillar hoop at an angle. This whole assembly is then bolted to the floor and in 
some setups, welded to the frame. Modern roll cages employ an A, B and C pillar in their 
design. This type of structure provides full coverage protection for the driver and 
passengers throughout the vehicle. Another safety feature often incorporated in the design 
is tabs so that a seat may be mounted to the cage structure itself. This is an important 
feature that allows the cage and passenger to move as a unit keeping the occupant within 
the safety of the cage at all times. A triangle is the strongest structural shape and can be 
seen in every bridge and structure built. This means that the cage design should also 
employ triangles at all of the important stress points at the A, B and C pillars. 
 
Material selection is just as important as the overall design of the cage. Since their first 
inception, roll cages have been constructed out of mechanical steel tubing. Over the 
years, different outside diameter tube sizes as well as wall thicknesses have been used. 
The determining factor of this tubing most often has to do with the overall weight of the 
vehicle and the strength of the material being used. The four most common materials 
used for this tubing are Hot Rolled Electrically Welded tube (HREW), Cold Rolled 
Electrically Welded tube (CREW), Drawn over Mandrel Electrically Welded tube 
(D.O.M), and Seamless Chromoly Tubing. In order to ensure that the cage is the safest, 
D.O.M. tubing will be used in the construction of this project. 
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LITERATURE REVIEW 
 
 
There are several vendors currently in the market which produce a roll cage kit or a fully 
built roll cage for the early model Broncos (1966-1977). Each of these vendors has a 
different design which they believe works the best. They all incorporate steel mechanical 
tubing as the basis for their design. The two common sizes used are 1.75” outside 
diameter and 2” outside diameter both with .120” to .125” wall thickness. The two most 
types of steel these vendors use are D.O.M. tubing and HREW tubing. Although these 
two metals vary in chemical makeup, the main difference in strength can be attributed to 
the manufacturing process.  
 
All welded Steel tubing starts its life as a flat bar. This bar goes through a series of 
processes that form, weld, machine and normalize the metal. Figure 1 below shows the 
beginning of this process where the flat bar is curled by mandrels into a tube shape. 
  
 
Figure 1. Flat bar formed into tubing. (Shan, H. S., 2012) 
 
After this process, the tubing is sent to an electrical welder where the seam the two sides 
of the flat bar meet is fused together. The final forming mandrels and welding process 
can be seen in Figure 2 on the next page.
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Figure 2. Tube Forming and Welding Process (Jakus, 2007) 
 
Immediately after this process, the weld bead is machined flush to the tube surface. The 
tube then goes through a cooling process closely followed by a sizing and straightening 
process as can be seen in Figure 3 below. 
 
 
Figure 3. Special Rollers used for the Straightening Process (Shan, H. S., 2012)
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After the straightening process, the tube is cut and then carefully inspected for any 
discrepancies. This is where the HREW and D.O.M processes differ. At this point, the 
HREW would be sent out for annealing, degreasing and other finishing processes and 
would be ready for market. The D.O.M. tubing goes through a stricter quality control 
process where the welds are inspected thoroughly for any signs of weakness. After this 
scrutiny, it is sent to another forming process where the steel tube is forced by over a 
mandrel and die as seen in Figure 4 and Figure 4.5 below. 
 
Figure 4. Die and Mandrel Configuration. (Jakus, 2007)
 
Figure 4.5. Process of tube being pulled through mandrel and die. (Jakus, 2007) 
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This cold working of the steel tube not only strengthens it, it produces an extremely 
uniform wall thickness. The final processes include several finishing processes. The 
tubing is then ready for market after this.  
 
The wall thicknesses of D.O.M. steel tubing are held to strict standards as to the outside 
diameter and inside diameter sizing. For the size tubing to be used in this project, 1.75” 
outside diameter, there are strict tolerances to meet for the tubing to leave the 
manufacturing plant. According to www.ptcalliance.com, a D.O.M. steel tubing 
manufacturer, tolerances of 0.006” over outside diameter, 0.000” under outside diameter, 
0.000” over inside diameter, and 0.006” under inside diameter are allowed for 1.75” 
outside diameter tubing. 
 
Along with the superior consistency of wall thickness, the D.O.M. process also provides 
increased tensile strength and yield strength as opposed to the HREW process. The 
comparison can be seen below in Table 1. 
 
Table 1. Tensile and Yield Strengths. (ASTM, 2012)  
Type Tensile Strength (ksi) Yield Strength (ksi) 
1010 HREW 55 40 
1020 D.O.M. 80 70 
 
The reasons described in this review were the deciding factor that D.O.M. tubing was to 
be used for this project as it will provide the best quality and safety for the cost compared 
to other steel tube in the market. 
 
Lastly, the market for the 1966 to 1977 Bronco was analyzed. Current products on the 
market provide several different configurations of tubing as well as materials used. These 
were all reviewed, and a design decided upon through these comparisons. As stated in the 
Introduction, a design which incorporates an A, B and C pillar provides the most 
protection possible for this application and will be used. Competitors in the market offer 
this type of layout as an option. Shown below in Figure 5 is a roll cage available from 
one of the vendors currently in the market, www.extremecustomfab.com.  
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Figure 5. Extreme Custom Fabrication® Roll Cage. (ECF, 2012) 
 
This cage has a base price of $539 using 2” outside diameter 0.125” wall thickness tubing 
D.O.M. tubing. The price increases as options such as a dash bar, grab handles, seat bars, 
gussets, and overhead tubes. These options can also be seen in Figure 6. With options like 
this the price can climb up to $1019. Further research found that another company, 
www.completeoffroad.com, also offers a roll cage for this application. A summary and 
comparison of the competitors roll cages can be found in Table 2 below. 
 
Table 2. Vendor Comparisons.  
Vendor Material Base Price Price w/ options 
Extreme Custom Fab. 2” OD .125” wall $ 539 $1019 
Complete Offroad 2” OD .120” wall $549 $1220 
 
It must be kept in mind that these are both kits which are sold in pieces and still require 
assembly and final welding.  
 
The final research conducted was the current price for 1.75” outside diameter 0.120” and 
0.125” wall thickness D.O.M. steel tubing. Both B and B Steel and Paso Robles Steel 
were contacted for pricing. Table 3 below summarizes the prices at the time of purchase. 
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Table 3. Supplier Tubing Price Comparison.  
Supplier Size (OD, in) Wall Thickness (in.) Price ($/ft) 
B and B 1.75”  0.120” $4.00 
B and B 2” 0.120” $5.00 
Paso Robles 1.75” 0.120” $5.10 
Paso Robles 2” 0.120” $6.20 
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PROCEDURES AND METHODS 
 
 
Design Methods 
Solidworks was used in order to convey the design clearly and accurately.  
Design Theory 
Roll cage design implements many principles which ultimately determine the layout of 
each piece of tubing. Most of these principles are heavily related to geometry and 
trigonometry as well as principles relating to load distribution. Spreading a load over a 
larger area reduces the chances of a failure at a single point. A three hoop, or pillar, 
design incorporating an A, B and C pillar was used to address this ideology and spread 
the load more evenly in the event of a rollover. The three pillars can be seen below in 
Figure 6.  
 
Figure 6. Side View of the three pillars (A,B,C). 
Another concept presented in several courses is that the strongest shape in tension and 
compression is a triangle. This concept can be seen in practice in every aspect of 
everyday life. For example, if a load bearing structure such as a bridge or building is 
examined, the presence of triangles in key stress points will be obvious. With this 
knowledge, triangles were used on key points of the roll cage where, in the event of a 
rollover, most of the stress would be applied. Key points of potential stress are at the 
corners of the B and C pillars. To support these points and prevent a collapse, triangles 
were added here as seen in Figure 7. 
B A C 
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Figure 7. Triangles at the B and C pillar. 
In the event of side impact, an intense load would be placed perpendicularly to all three 
of the pillars. In attempt to alleviate and distribute this load, triangles were also added to 
the top structure of the roll cage as seen in Figure 8 below. 
 
Figure 8. Triangles Between A, B and C pillars. 
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Although it would be ideal to employ triangles at every corner of the roll cage structure, 
there are certain constraints that do not allow for this. The first constraint to the design is 
that it must fit within the hard top of the vehicle. This alone accounts for special detail to 
measurements and clearances. Second, the roll cage must not obstruct or eliminate any 
features within the vehicle that are required for driving safely on the road. This became 
an issue when dealing with the windshield wiper motor and linkage as well as the dash 
board as seen in Figure 9. 
 
Figure 9. Stock Early Ford Bronco windshield wipers. 
To deal with this interference, a hoop design could not be used for the A pillar. Instead, 
two “runners” from the floor to the B pillar with cross supports were implemented. This 
configuration can be viewed in Figure 10 below. 
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Figure 10. Design Compensation for Windshield Wipers. 
In order the fit inside the vehicle with the hard top on, all measurements were taken so 
that about 1/2” inch clearance between the top and the cage is achieved. This gap ensures 
the most room inside the vehicle is achieved while preventing rattles from the top 
contacting the cage in normal to extreme driving conditions.  
Design Features 
Many roll cages on the market offer accessories or other options on top of the basic 
design of the roll cage. In order to be comparable and competitive with other vendors on 
the market, accessories were added to the design. These accessories include a dashboard 
bar, A to B pillar support bars, a seat mount kit, grab handles and seat belt mount bar 
with triangular support. Each of these options will be offered separately and added as 
ordered. It should be noted, however, that the basic three pillar design can be marketed as 
a basic kit.  
The first of the accessories, the dashboard bar, offers support to keep the structure rigid in 
all planes. This bar also allows an attachment point for any electronic devices such as 
gauges, a GPS or other options such as cup holders. Figure 11 below shows the 
dashboard bar. 
 
Where 
Windshield 
Wipers 
interfere 
Offset support 
bar leaving 
clearance for 
wipers 
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Figure 11. Dashboard bar. 
The A to B pillar support bars run along the floor from back to front and attach at the 
bottom of each pillar. The main purpose of this bar is to provide lateral support between 
the two pillars. When the seat mount kit is added as an option, these bars are 
automatically provided to provide a place for the seat mount kit to attach to. Figure 12 
below shows the support bars. 
 
Figure 12. A to B pillar support bars. 
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The seat mount kit is composed of a conglomeration of several tubes. The seat mount 
tubes are situated both perpendicular to the floor tubes as well as parallel. They attach to 
the A to B pillar support bars, as shown previously, which are provided in the seat mount 
kit. The purpose of these tubes is mainly to provide a place to mount seats securely. By 
mounting the seats to the cage structure, it ensures the driver, if properly strapped in, will 
always be within the safety zone the roll cage provides in a rollover situation. The seat 
mount kit can be seen in Figure 13 below.  
 
Figure 13. Seat Mount kit. 
Another accessory option is the grab handle package. This kit has easy to hold 1 1/4” 
tubing situated within arm’s reach of both the driver and the passenger. On the driver 
side, a loop is made were the A pillar bends back towards the B pillar in front of where 
the driver is seated. On the passenger side, there also lies a handle in this location, but an 
extra tube is attached to the dash bar situated directly in front of the passenger’s seating 
location. The purpose of these handles is to provide both the driver and the passenger a 
safe place within the vehicle to hold on to in extreme off camber situations or rough trails 
where the occupants will be bouncing frequently. These bars can be noted in Figure 14 in 
the drawing below.  
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Figure 14. Grab Handle Package. 
 
Construction Procedure 
The construction procedure was a very involved process which required many skills, 
tools and ingenuity. The design drawn in Solidworks, as shown in the design procedures 
section, was to be used as a template to aid with the construction of the project. The first 
order of business was to find a location to begin construction. The plan was to begin 
construction during the summer. The Hutcheson family, who reside in Lemoore, was 
kind enough to offer their home, equipment and tools as a temporary location to begin 
construction. The second phase and completion of construction occurred at the residence 
of Alex Paris in San Luis Obispo.  An initial order of six, twenty foot lengths of tube was 
completed and delivered to Lemoore. This can be seen in Figure 15 below. 
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Figure 15. Original order of 6 tubes. 
 
With the material obtained, construction could begin. It was determined that the B pillar 
should be the first piece of the design that to be completed. This section is the center of 
the design of which the rest of the structure is dependent on. The length to be cut for this 
first piece was determined by using a simple formula which accounts for the straight runs 
of tubing and the bends. This formula was used specifically for the B pillar due to the 
hoop type structure of it. 
 
                                    (                        ) 
                    (   ) 
                    
This method allows for about twelve inches of extra material. This extra length was 
added in case the bend were to be off one way or the other. The common rule in 
fabricating is that removing material is a lot easier than adding it. With this length 
marked on a twenty foot piece of tubing it was time to cut. For this project, a fourteen 
inch Dewalt Chop Saw (model #28715) and a Milwaukee Portable Band Saw (model 
#6242-6) were used. With the piece cut, the next step in fabricating the B pillar was to 
make two ninety degree bends.  
In order to make these bends, a tubing bender was required. The bender used for the 
construction of this project was a JD Squared Model 32. This manual bender was 
equipped with a mandrel capable of bending 1.75” tubing 180 degrees at a 5.5” centerline 
radius. This bender can be viewed in Figure 16 securely bolted to concrete. 
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Figure 16. JD Squared Model 32 Bender with 1.75” Mandrel. 
There are two different methods of determining where to bend a cut piece tube. The first 
step of both methods required finding the center point, or point on the straight piece of 
cut tubing which would end up exactly in the middle of the two ninety degree bends. 
After the center point was marked a choice needed to be made as to which method to use. 
The first method uses math equations which take into account the centerline of the tube 
and how it will lengthen as the tube is bent. This method was employed on the first 
attempt and unfortunately a usable result could not be achieved. At this point, the second 
method was put to work. The second, makeshift method uses a template as a means of 
determining where the bend should occur. The template is a twenty four inch long piece 
of tubing. This piece is inserted into the bender and then marked where the tubing 
protrudes past the end of the mandrel and can be seen below in Figure 17. 
 
Figure 17. Reference mark on Template. 
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This mark was used as a reference point when bending other parts of the cage. It 
represented where the bend would start and thus where on a tube a mark should be made 
to bend. The template was then bent at exactly ninety degrees determined by an angle 
finder tool. Once bent it was found that the start of the bend started 7/8” behind the actual 
mark. This detail was taken into account for future bends as well. Shown below in Figure 
18 is the template. 
 
Figure 18. Bend Template. 
With a template made, the B pillar could now be laid out and marked for bending. As 
stated previously, the centerline was marked at 68”. After this, the template was set on 
top of the straight piece and marked for the first bend. This method can be observed in 
Figure 19. 
7/8” 
Actual Start of 
Bend 
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Figure 19. Using Template to mark where to insert into bender. 
After this first ninety degree bend was completed, the same method was used to mark 
where the other bend should occur. A tape measure was used to set the template for the 
second bend at exactly the right width needed for the B pillar. The tube was once again 
inserted into the bender, taking care as to where the bend would occur, and a second 
ninety degree bend was completed. Once it was confirmed that the B pillar did indeed fit 
within the vehicle, the ends were trimmed so that the desired height was attained. The 
resulting completed B pillar can be seen in figure 20 below. 
 
 
Figure 20. Completed B pillar. 
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Once the central part of the whole design was constructed, fabrication of the other 
components was carried out. The A pillars were next to be tackled. As stated in the 
Design Procedures, the A pillar could not be built as a hoop due to interference issues 
with the windshield wipers. Instead two nearly identical pieces were to be bent.  Using 
the same techniques as on the B pillar, the template was used to mark where bends should 
occur and the first A pillar was bent. Once this first piece was bent, it too was used as a 
template for the other, nearly identical A pillar “runner”. This method can be seen below 
in Figure 21. 
 
 
Figure 21. Two A pillars being fabricated.  
Now that these two pieces were bent up, they had to be joined to the B pillar. There was 
an issue with joining when working with this round tubing. Two pieces cannot simply be 
butted up against each other and welded. A large gap occurs both at the top and the 
bottom of the proposed joint. This issue is compounded when there is a bend and the 
tubes do not meet perpendicularly as seen in Figure 22 above. To alleviate this issue, the 
tube must be notched so that the two pieces to be joined can be in a smooth and fluid 
manner. Notching the tubing, in this case, involved 4 tools. First, a notcher was needed. 
As luck would have it, a notcher was available for use. The tool used was a JD Squared 
Notchmaster. This fixture uses a shaft which is mounted on a plate containing degree 
marks. The Notchmaster uses a ½” chuck drill for power and any sized hole saw to make 
the actual notch. A Milwaukee ½” chuck corded drill (model #5376-20) was used as the 
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power source. The last of the four tools needed was a vice in which to mount the notcher. 
The Notchmaster can be adjusted to obtain up to a notch up to 50 degrees from 
perpendicular. The whole setup and notching of one of the A pillars can be seen in figure 
22. 
 
 
Figure 22. JD Squared Notchmaster used to notch A pillar. 
Both A pillars were notched in the same manner which finished the fabrication process 
for them. They were then mocked up in the vehicle and tack welded in place. The 
fabrication of the A and B pillars encompassed the majority of what techniques, tools and 
processes used on the rest of the pieces formed. As these tools and processes were used, 
familiarity with them was improved and the whole fabrication entity of the build moved 
along accordingly.  
The next parts tackled after the A pillars were the A to B pillar support bars. These pieces 
employed the bending and notching techniques used for the A pillars. One side was bent 
and used as a template for the other side. This can be seen on the next page in Figure 23. 
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Figure 23. A to B pillar support bars. 
One difference was the type of notch made to join the pieces. In this instance it was a 
much more straightforward perpendicular notch. These pieces were then mocked up and 
tack welded into place as well. The perpendicular notches used on this and many other 
pieces can be viewed in Figure 24 below. 
 
Figure 24. Typical Perpendicular Notch. 
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Now that a solid base was constructed, it was time to move on to the other pieces. The 
dash bar was next and was done in no time. This piece did not have any bends and 
required only perpendicular notches. This can be seen tacked in place in Figure 25. 
 
Figure 25. Dash Bar tack-welded into place. 
With the Dash Bar in place, another brace was added. This brace is the one mentioned in 
the Design Procedure which, due to the location of the windshield wipers, had to be 
offset from where the desired placement would be. This piece is an identical piece to the 
dash bar and was completed using the exact same steps. Quick work was made of this 
support and it was tack- welded into place leaving just enough space for the wipers to 
function, but also for the wiper motor to be removed if needed in the future. The support 
in place can be seen in Figure 26 below. 
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Figure 26. Support bar offset for wiper clearance. 
With these simpler parts done, it was time to move onto a more involved step of 
fabrication. The seat mount kit was constructed next. As seen in Figure 13 in the Design 
Procedures section, this kit is made up of several straight pieces. All of these pieces were 
made using the same procedures as the Dash Bar and upper support brace. In order to 
make sure the seats which were to be used fit right, none of the pieces were tack welded 
in place until the seats were placed in the vehicle and mounted where desired. This 
process took the longest of all the previous construction procedures to ensure the seats 
would mount correctly once fully welded. To mount the seats, a combination of remnant 
tubing and special brackets designed to be welded to the curved surface of tube were 
used. All of the tubes in position before final welding can be observed in Figure 27 
below. 
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Figure 27. Seat Mount Kit tack welded into place. 
With the most time consuming part ready for final welding, it was time to move on to the 
last part of the front half of the roll cage; the triangulation support bars. These pieces 
were supposed to be straight, simple pieces, per the design, but unfortunately were not 
able to be constructed. The reasoning and discussion on this topic will be addressed later 
on in the report. Two of these pieces ended up needing to be bent and were bent in the 
same fashion as all the previous parts. Once bent and notched, these pieces were tack 
welded into place and the whole cage structure was removed for final welding. The 
modified triangulation support bars can be viewed in Figure 28 below. 
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Figure 28. Front half of roll cage ready for final welding. 
It was at this time that feet were welded to the bottom of both the A and B pillars. These 
feet allow for the cage structure to be mounted to the floor of the vehicle. They also allow 
for future attachment of the roll cage to the frame. The feet used for this project were a 
combination of premade pieces from Ballistic Fabrication and custom made pieces 
derived from 3/16” plate. 
Final welding of the front half was completed at this time due to the time constraints 
involved and would not have taken place in a normal fabrication scenario. This also will 
be further discussed later in the report. For all tack welding as well as final welding, a 
Miller Millermatic 211 MIG welder was used. Once welding was finished, the cage was 
installed back into the vehicle and bolted into place. The top was placed back on the 
vehicle and fit without issues. 
At this time, the vehicle was transported from Lemoore to San Luis Obispo so that it may 
be finished. It was there that the construction of the second half began. Five twenty foot 
sticks were used in building the front half of the cage and the last full stick was unable to 
be transported to the new location. Since more than one more stick was needed to 
complete the roll cage, three more twenty foot sticks were ordered so fabrication could 
begin again.  
The first part of the second half of the roll cage started was the C pillar. The design for 
these was also modified due to the difficulty of bend required to make it a hoop type 
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piece. Instead, “runners” like the ones made for the A pillars were made. Once again, one 
side was bent up and fitted and then used as a template for the second, nearly identical 
piece. These pieces can be seen in Figure 29 below. 
 
Figure 29. C pillar “runners”. 
 These were notched just like the A pillars and tacked into place to the B pillar. 
With the main part of the back half in place, the other pieces could be started on. The 
next piece to be built was a hoop-like piece which tied each C pillar together. This piece 
was bent by marking the center and working out from there, like the method utilized on 
the B pillar. Once the bends were sufficient, the tube was notched, fitted and tack welded 
into place. This hoop support piece can be viewed below being notched in Figure 30. 
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Figure 30. C pillar support hoop. 
From this point, the triangulation support bars were made. These were simple as they 
were all straight pieces with no bends and with simple notches. Once those were 
completed, the small support pieces used to triangulate the corners of the C pillar were up 
next. These proved to be a bit of a task due to the irregular notch needed to mesh them to 
the C pillar. The angle at which these pieces met the C pillar was so slight that the 
Notchmaster was unable to make the desired cut. In this instance, an angle grinder was 
used to provide the required reliefs in the tubing. Once Both of these support bars were 
ground to requirement, they were fitted and tack welded into place as seen in Figure 31 
on the next page. 
28 
 
 
 
Figure 31. C pillar triangulation pieces. 
At this point all that was left was the small triangulation pieces at the B pillar as shown in 
Figure 7 in the Design Procedures. Much like the previous triangulation pieces, these also 
proved to be a task for the same reason. They too were notched using a 4 ½” angle 
grinder. At last the cage has is complete and ready for the actual final welding. Once 
again the cage was removed from the vehicle and welded fully.  
This completed the construction procedure and at this time, the completely welded roll 
cage was prepped for paint. The tubing was cleaned up using a wire wheel and an angle 
grinder. Acetone was then used to remove any residue left behind from this procedure. A 
thick coat of primer was applied followed by a satin black coat of spray paint. 
Testing Procedure 
 
Physical testing of the strength of the roll cage will not be undertaken due to the obvious 
damage that will occur to both the vehicle and the cage itself. 
  
29 
 
 
RESULTS 
 
The result of this work is a completed, strong, safe roll cage. The design meets the 
constraints set at the beginning. It fits within vehicle with at least ½” clearance to the 
hard top at all areas providing maximum available space in the cab of the vehicle. All 
factory equipment needed for safe driving, such as functional windshield wipers and easy 
access to the dash and parking brake are all retained as well. The cost to build the cage, 
just in materials, was far less than buying one from other vendors on the market. On top 
of that, this design is a stronger, more attractive design with the added benefit that it fits 
under a factory hard top. The cage contains all the options the other vendors offer for a 
much lower price. The completed product can be viewed below at different view in 
figures 32 to 35. 
 
Figure 32. Passenger side view. 
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Figure 33. Top view. 
 
 
Figure 34. Rear view. 
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Figure 35.  Driver side view. 
 Due to the inexperience of the builder with this type of fabrication and unfamiliarity with 
the equipment used to build such a project, the time spent constructing it was much more 
than that of a professional shop that builds several of these types of cages. Offering the 
product at a lower price than competitors risks a low hourly wage for the first 10-15 
cages built. After this time, the speed, accuracy and familiarity of the builder would make 
this product a formidable competitor in the market. 
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DISCUSSION 
 
Initially, the build was to exactly replicate the Solidworks drawings. This plan was to be 
carried out if at all possible. Unfortunately, due to time and resource constraints, design 
modifications were required in order to produce a marketable project in time. As 
previously stated, inexperience and unfamiliarity of the user with the equipment made for 
a “learn as you go” environment. This meant that when road blocks in design were met, 
alternative methods were drafted to address the impedances. Regardless, a product was 
built with similar design and strength qualities and could enter the market for a 
competitive price. 
Bill of Materials 
The bill of materials includes can be seen below in table 4.  
Table 4. Bill of Materials. 
Item Amount Unit Cost Total Cost 
1.75” x .120”  DOM Tube 8 sticks (160ft) $3.90/ft $624 
1.25” x .120” DOM Tube 4ft $3.14/ft $12.56 
Mixed welding gas 34 Cubic Ft. - $68 
.035” MIG wire 11lb $2.89/lb $31.78 
4 ½” Grinding wheel 1 $4.47/ea $4.47 
1 3/4” Bi-metal Hole saw 3 $9.97/ea $29.91 
12” Chop Saw Wheel 1 $10/ea $10 
 
Cost Analysis 
Table 5. Basic Cost Analysis of production of one roll cage 
Item Amount used Unit Cost Total Cost 
1.75” x .120” DOM tube 8 sticks (160ft) $3.90.ft $624 
1.25” x .120” DOM tube 4ft $3.14/ft $12.56 
Mixed Welding Gas 17 Cubic Ft. - $34 
.035” MIG wire 3lb $2.89/lb $8.67 
4 ½” Grinding Wheel ½ $4.47/ea $2.24 
1 ¾” Bi-metal Hole saw 3 $9.97/ea $29.91 
12” Chop Saw Wheel ½ $10/ea $5 
Welding Cost 5 hrs $75/hr $375 
Fabrication Cost 25 hrs $20/hr $500 
  Total Cost $1591.38 
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It should be noted that the 25 hours of fabrication labor is an estimate based on the time it 
took solely to cut and bend the tubing. The welding labor was factored in as well, which 
would not be accounted for if the roll cage were to be sold as a kit in pieces.  
If the product is to be sold at this dollar amount, it would be what a vendor would call “at 
cost”. This means that no profit would be coming for the business. This of course would 
not be the case if this product were to be sold in the marketplace; a profit would need to 
be obtained in order for the business to survive. With a 30% profit factored into the cost 
of materials and labor, a completed ready to install cage would run about $2000.   
Vendors previously referenced sell kits composed solely of cut, bent and notched tubing. 
Table 6 below shows the price comparison of two other vendors and an equivalent kit 
that would compete with these. 
Table 6. Price Comparison 
Vendor Steel Cost ($) 
Est. Labor 
cost Total Cost 
Selling 
Price 
Me $636.56  $500 $1136.56  $1477.53  
Extreme - - - $1,213 
Complete - - - $1,220  
 
As can be seen, the price for the kit is a little more expensive than the competitors. It 
should be noted, however, the selling price has a 30% profit margin factored in. As 
production numbers increase, it is safe to assume that costs could be lowered meaning the 
selling price could be lowered as well.  
Another noteworthy item is the facilities and the manner in which the roll cage was built. 
If a complete shop with tools specifically fit to this job were available, labor hours and 
overall costs could be cut dramatically. Also, if shop space were available more of a 
production line method would be put in place. Certain pieces of the cage would be 
produced in numbers and at the same time. This would allow for the saw, bender, notcher 
and other tools to be set up one way so that accurate repeatability could be achieved. 
Each day a certain number of each piece could be produced so that at the end of the 
week, several roll cages would be available as kits or to be fitted and installed. A view of 
the conditions in which the second half of the roll cage was built can be seen below in 
Figure 36. 
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Figure 36. Temporary shop Conditions. 
As stated and seen earlier in the report, the final completed design differed from the 
construction drawings. This could be attributed mostly to the operator not having enough 
time and experience with the tools used for the job. The A-pillar “runners” and 
triangulation support bars are completely different than what the original design called 
for. This was due to an inaccurate bend where these A pillars were to attach to the B 
pillar. This bend brought the tube directly above both the driver and passengers’ heads 
and was deemed to be a safety issue. The correct way to deal with this issue would be to 
recreate the A-pillar “runners” with the correct bend. Unfortunately, both time and 
material resources did not allow for this to happen. Instead, different style triangulation 
bars were made to allow for open space above the occupants heads. This change only 
resulted in a visual difference; the strength of triangulation is still retained. 
As far as results go, a marketable product was produced but the methods to make it could 
greatly be improved on. These issues will be discussed in the Recommendations section. 
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RECOMMENDATIONS 
 
 
There are several recommendation that could be made for this project. First, in order to 
produce a more marketable and more consistent product, a permanent shop space would 
need to be acquired. Working on this project at two locations proved not only to take 
much longer, but new obstacles appeared after each move. Once a shop space is 
established, tools more fitted to this type of job would need to be invested in. The bender 
used on this project worked great, but the fact that it was manually powered meant that it 
took much longer and much more effort to produce even a single bend. An auxiliary 
hydraulic cylinder option is available for this bender and would be a priority for a 
production of this type. The notcher used could also be upgraded. Belt type notchers are 
available which make a much smoother, cleaner and more accurate notch than achievable 
with the hole saw type used on this project. Other than that, the welder and other tools 
used on this project were sufficient.  
The last recommendation would be to gain experience in project involving tubing at 
smaller scale. Once comfortable working with the material type and the tooling, a project 
of this scale could be accomplished much more precisely and efficiently. In a 
manufacturing scheme, this may involve hiring someone with experience to help with the 
production of the first few roll cages. 
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HOW PROJECT MEETS REQUIREMENTS FOR THE ASM MAJOR 
 
ASM Project Requirements 
The ASM senior project must include a problem solving experience that incorporates the 
application of technology and the organizational skills of business and management, and 
quantitative, analytical problem solving.  This project addresses these issues as follows. 
 
Application of Agricultural Technology. The project involves the application of static 
forces, materials selection, design and fabrication technologies. 
Application of Business and/or Management Skills. The project involves 
business/management skills in the areas of cost and productivity analyses, marketing 
knowledge, market knowledge, sales and promotion of a product and labor 
considerations. 
Quantitative, Analytical Problem Solving.  Quantitative problem solving techniques 
include the cost analysis and bending stress calculations. 
Capstone Project Experience 
The ASM senior project must incorporate knowledge and skills acquired in earlier 
coursework (Major, Support and/or GE courses).  This project incorporates knowledge/ 
skills from these key courses.    
  BRAE 129 Lab Skills/Safety  
  BRAE 133 Engineering Graphics  
  BRAE 151 AutoCAD  
  BRAE 142 Machinery Management  
  BRAE 203 Agricultural System Analysis  
  BRAE 321 Ag Safety  
  BRAE 342/343 Materials, Mechanical & Fabrication Systems Analysis  
  BRAE 418/419 Ag Systems Management I/II 
  ENGL 148 Technical Writing 
  MATH 119 Pre-Calculus Trigonometry 
  PHYS 121 College Physics 
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ASM Approach 
Agricultural Systems Management involves the development of solutions to 
technological, business or management problems associated with agricultural or 
related industries.  A systems approach, interdisciplinary experience, and agricultural 
training in specialized areas are common features of this type of problem solving.  
This project addresses these issues as follows. 
Systems Approach.  The project involves the integration of a few functions in depth. 
The first of which is the material selection and design selected according to this 
material. Knowledge of fabrication systems is required as well. The business aspect 
of the project requires knowledge in sales and marketing as well as labor markets. 
Interdisciplinary Features.  The project touches on aspects of fabrication systems, 
agricultural safety and cost estimates and cost analysis. Within the cost analysis, 
system analysis are present. 
Specialized Agricultural Knowledge.  The project applies specialized knowledge in 
the areas of mechanical and fabrication systems, and agricultural safety (ROPS).  
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Design Calculations 
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Force Calculation 
The max force that could be placed on the tubing with the full weight of the vehicle, 5200 
pounds, resting on it was calculated. 
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             at any given point on the roll cage. 
The strength of the material used can be viewed in Table 5 below. 
Table 7. Strength of 1.75” 1020 D.O.M. 
Material Size (OD, in.) Wall Thickness 
(in.) 
Tensile 
Strength (psi) 
Yield Strength 
(psi) 
1020 D.O.M. 1.75 0.120 80,000 70,000 
 
This clearly shows that the material can easily handle the weight of the vehicle. 
Direct Side load Simulation 
The weight of the vehicle was found to be 5200 pounds according to a truck scale. The 
below calculation simulates a direct perpendicular impact. 
 
F=5200 lbs 
50” 
42” 
R1 
A 
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The roll cage will be attached by four 3/8” Grade 8 bolts. The load on each of these bolts 
can be calculated using the reaction force found above. 
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This load is present on one single foot of the roll cage in this equation. The roll cage built 
will have a total of 6 feet, meaning there will be 3 footings per side. With this knowledge, 
the benefit of the load being spread can be viewed by finding the load on each foot in a 4 
point and 6 point roll cage 
Four point roll cage calculations 
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Six point roll cage calculations 
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The strength of a 3/8” grade 8 bolt can be seen below in Table 6. 
Table 8. Grade 8 bolt strength 
Bolt Type Size Proof Load 
(psi) 
Yield Strength 
(psi) 
Tensile 
Strength (psi) 
Grade 8 ¼” to 1 ½” 120,000 130,000 150,000 
 
The largest load that would be placed on a single bolt per the above load situation is 
about 40,000 psi. This situation is with a single pillar unlike the design employed on this 
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project. A table of comparative strengths between the different designs can be seen below 
in Table 7. 
Table 9. Safety factor comparison. 
Design Bolt capacity (lowest, psi) Load applied (psi) Safety Factor 
2 point 120,000 39709 3.02 
4 point 120,000 19854 6.04 
6 point 120,000 13236 9.07 
 
It can be seen that there is a safety factor of about 9 with the design used for this roll 
cage.  
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APPENDIX C 
Construction Drawings 
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ISO Right Front 
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ISO Right Front 
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ISO Left Rear 
 
 
ISO Left Rear 
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ISO Left Rear 
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Top View 
 
Bottom view 
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Front View 
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Rear View 
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Left Side View 
 
Right Side View 
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